r Duchenne muscular dystrophy (DMD) is a fatal muscle wasting disease associated with increased inflammation and oxidative stress.
Introduction
Duchenne muscular dystrophy (DMD) is a fatal X-linked recessive muscle disease arising from mutations in the dystrophin gene that result in the absence of a functional dystrophin protein that is closely associated with the sarcolemma (myofibre cell membrane) and the dystrophin-glycoprotein complex (reviewed by Emery, 2002; Bushby et al. 2010) . The dystrophin-glycoprotein complex spans the sarcolemma, transfers contractile force from the muscle cytoskeleton to the extracellular matrix, and provides the mechanical stability of the sarcolemma and mechanotransduction signalling (Rando, 2001) . The absence of functional dystrophin protein in DMD boys increases susceptibility to repeated bouts of myofibre damage and necrosis, with increasing fibrosis that impairs muscle regeneration. The progressive loss of muscle mass and function ultimately results in premature death from respiratory or cardiac failure (Petrof et al. 1993; Grounds, 2008; Kharraz et al. 2014) . Corticosteroids remain the only standard therapeutic treatment for DMD (Matthews et al. 2016; Wood et al. 2016) , and although they produce modest improvements in muscle strength and function, the numerous side-effects associated with long-term steroid treatment warrant the investigation of alternative therapies (Miyatake et al. 2016 ).
The precise cellular mechanisms leading to severe muscle weakness and wasting in DMD remain unknown. However, the lack of dystrophin has been associated with altered membrane permeability and the disruption of Ca 2+ homeostasis, invasion of inflammatory cells including neutrophils and macrophages, and the elevated production of reactive oxygen and nitrogen species (RONS) and subsequent oxidative stress (Whitehead et al. 2006; Arthur et al. 2008; Jackson, 2008; Shkryl et al. 2009 ). RONS, including hydroxyl radicals, can cause irreversible damage to proteins, membrane lipids and DNA, whereas reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ) and hypochlorous acid (HOCl) can cause reversible oxidation of protein thiols and affect the function of many intracellular proteins (Arthur et al. 2008) . ROS-induced thiol oxidation is one of the proposed mechanisms contributing to contractile dysfunction and subsequent muscle weakness in DMD (Crowder & Cooke, 1984; Ferreira & Reid, 2008; Jackson, 2008; Terrill et al. 2013b) , possibly via altered calcium homeostasis and/or impaired myofilament force production (Andrade et al. 1998 (Andrade et al. , 2001 Ferreira & Reid, 2008; Jackson, 2008) . Elevated RONS production has been associated with increased protein thiol oxidation in both mdx mice (Hauser et al. 1995) and DMD patients (Haycock et al. 1996) . Therefore, minimising oxidative stress is a promising approach to improve muscle function in DMD.
Antioxidant administration has been widely evaluated as a potential therapeutic treatment for DMD, mainly using mdx mice for preliminary preclinical testing (Whitehead et al. 2008; Terrill et al. 2012 Terrill et al. , 2013a de Senzi Moraes Pinto et al. 2013; Horvath et al. 2016) . However, the choice of antioxidant treatment is complicated by the many different types of RONS and the numerous potential sources of RONS production. The use of indirect and/or non-specific antioxidants may hamper the translation of promising results from in vitro studies to positive outcomes using in vivo preclinical studies (Kim et al. 2013) .
N-acetylcysteine (NAC) is a widely tested inexpensive antioxidant that is approved for use in humans, making it an attractive potential therapeutic treatment for DMD boys. Oral NAC supplements increase resistance to fatigue in endurance-trained athletes (McKenna et al. 2006) with similar improvements in fatigue resistance reported for both in situ (Shindoh et al. 1990 ) and in vitro (Mishima et al. 2005 ) studies of murine diaphragm muscle. The antioxidant properties of NAC may occur directly through scavenging of RONS including the myeloperoxidase-derived oxidant HOCl and, to a lesser extent, H 2 O 2 (Aruoma et al. 1989) , or indirectly as a precursor of L-cysteine that is required for the synthesis of the antioxidant glutathione (GSH) (Medved et al. 2004) . Oral supplementation with NAC increases cysteine and GSH in the liver, plasma and skeletal muscle (Medved et al. 2004; and reduces oxidative stress and protein thiol oxidation in skeletal muscles (Medved et al. 2004; Matuszczak et al. 2005; Terrill et al. 2012 ) of humans and mice.
Several preclinical studies using mdx mice have evaluated the efficacy of NAC administration to reduce the dystrophic pathology in both skeletal (Whitehead et al. 2008; Terrill et al. 2012; de Senzi Moraes Pinto et al. 2013) and cardiac muscle (Williams & Allen, 2007; Fauconnier et al. 2010) . Acute incubation with high concentrations of NAC (20 mM) ex vivo in isolated extensor digitorum longus (EDL) muscles of mdx mice reduced the severity of stretch-induced muscle damage (Whitehead et al. 2008) . Oral supplementation of NAC in drinking water significantly reduced the number of centrally nucleated myofibres (a marker of muscle regeneration in response to necrosis), reduced activation of NF-κB signalling (a marker of inflammation) in sedentary mdx mice (Whitehead et al. 2008) and also reduced myofibre necrosis and protein thiol oxidation after treadmill exercise in mdx mice (Terrill et al. 2012) . Despite these promising findings, it has not been established that oral supplementation with NAC prevents loss of muscle strength through in vivo or ex vivo evaluation of contractile function in mdx mice. Furthermore, few studies examining the efficacy of NAC as a therapeutic treatment for DMD have considered the potential adverse systemic effects of orally administering cysteine donors such as NAC.
The primary aim of this study was to establish the capacity of NAC to improve muscle strength of young dystrophic mdx (compared with normal) mice using in vivo and ex vivo measures of contractile function; the secondary aim was to further investigate the systemic effects of NAC treatment.
Methods

Ethical approval
All animal experiments were approved by the Animal Ethics committee at the University of Western Australia and were conducted in accordance with the guidelines of the National Health and Medical Research Council Code of practice for the care and use of animals for scientific purposes (2004) , and the Animal Welfare act of Western Australia (2002) . Experiments also comply with the ethical principles outlined by Grundy (2015) . Experiments were performed on male dystrophic mdx (C57Bl/10ScSn mdx/mdx ) and male non-dystrophic normal wild type control C57Bl/10ScSn (C57) mice supplied by the Animal Resources Centre (Perth, WA, Australia). NAC treatment began at 6 weeks of age, and all mice were sampled at 12 weeks of age. The age of mice and duration of treatment were chosen as they reflect a period when the acute severe phase of myofibre necrosis experienced by mdx mice has subsided yet they continue to grow, thus reflecting the growth phase of adolescent DMD boys (Grounds, 2008) . Mice were maintained in a 12 h light/dark environment at 20-25°C and supplied with food and water ad libitum.
NAC treatment and in vivo measurements
NAC (Sigma Aldrich, Sydney, NSW, Australia) was dissolved in acidified water (pH 2.5) and administered as 2% NAC in drinking water for 6 weeks. The four experimental groups (n = 8 mice per group) were: (i) mdx NAC treated; (ii) mdx untreated; (iii) non-dystrophic C57 NAC treated; and (iv) non-dystrophic C57 untreated.
Forelimb grip strength was measured following procedures outlined in the TREAT-NMD recommended standard protocol 'Use of grip strength meter to assess limb strength of mdx mice -M.2.2 001' , available at http://www.treat-nmd.eu/research/preclinical/SOPs/. Briefly, mice grasped a metal bar attached to a force transducer (Columbus Instruments, Columbus, OH, USA) and were gently pulled by the tail. The peak force achieved when the grip was broken was recorded. We recorded five consecutive grip strength measurements for each animal, and averaged the three highest values for further analysis. Grip strength measurements were performed by the same person and data were recorded in grams and also normalised to body weight. Body weight and grip strength of all mice were recorded weekly during the 6 week experiment.
In vitro measures of skeletal muscle (EDL) contractile function
After the 6 week treatment, mice (aged 12 weeks) were anaesthetised (I.P. sodium pentobarbitone; 40 mg kg −1 ) and the EDL muscle was removed for in vitro measurements of contractile function. After removal of the EDL muscle, mice were killed with an overdose of sodium pentobarbitone (I.P.; 100 mg kg −1 ) and death was confirmed by permanent cessation of respiration, heart beat and reflexes. Contralateral hind limb muscles were removed and snap frozen in liquid nitrogen for biochemical assays. The EDL was mounted in an in vitro muscle test system (1200A Intact Muscle Test System, Aurora Scientific, ON, Canada) containing mammalian Ringer solution [NaCl (121 mM); KCl (5.4 mM); MgSO 4 .7H 2 O (1.2 mM); NaHCO 3 (25 mM); Hepes (5 mM); glucose (11.5 mM) and CaCl 2 (2.5 mM)], continuously bubbled with carbogen (5% CO 2 in O 2 , BOC, Western Australia) at 25°C. Muscles were stimulated with 0.2 ms supramaximal square wave pulses via two platinum electrodes parallel to the muscle. Muscle length was manually adjusted until the maximum twitch force was recorded, which was designated optimal muscle length (L o ). The maximum twitch response was analysed for peak twitch force, time to peak twitch force, twitch half-relaxation time and maximum rate of force development.
The force-frequency relationship was evaluated by recording the force responses at stimulation frequencies of J Physiol 595.23 10, 20, 30, 40, 60, 80, 100, 120 and 150 Hz. Each stimulus was separated by a 2 min interval to avoid inducing muscle fatigue. The peak tetanic force was recorded as the stimulation that produced the greatest force throughout the experiment. The EDL was then subjected to a fatiguing protocol consisting of repeated tetanic contractions for 500 ms at 120 Hz. Stimulation was delivered once every 5 s for a total period of 4 min. Resistance to fatigue was evaluated from the fatigue index (FI), the maximum force produced in the final fatiguing contraction as a percentage of the pre-fatigue force. The rate of recovery after fatigue was monitored by recording tetanic contractions at 120 Hz at 1, 5, 10, 15, 20 and 30 min after the fatigue protocol.
Muscle cross sectional area (CSA) was determined by dividing the wet muscle mass by the product of the optimal fibre length (L f ) and the density of mammalian skeletal muscle (1.06 mg mm −3 ) (Mendez & Keys, 1960) . L f was calculated using a predetermined L f to L o ratio of 0.45 in EDL muscles (Brooks & Faulkner, 1988) . Specific force (N cm −2 ) was calculated by dividing the muscle force (N) by the CSA.
Citrate synthase analysis (to measure mitochondrial content)
Snap frozen soleus muscles were crushed under liquid nitrogen and placed in a cold Eppendorf tube with 20× ice cold Hepes buffer (containing 5 mM Hepes, 1 mM EGTA, 5 mM MgCl 2 , 1 mM DTT and 0.1% Triton X-100, pH 8), before being homogenised, sonicated and centrifuged. After centrifugation, 5 μl of supernatant, 250 μl of 0.1 M Tris, pH 8, 10 μl of 5,5 -dithiobis 2-nitrobenzoic acid (DTNB) and 1 μl acetyl coenzyme A were added to wells of a 96-well plate in duplicate. Ten microlitres of oxaloacetate was added to all wells to initiate the reaction and was assayed immediately. The absorbance of each well was then measured at 412 nm every 30 s for 5 min. Total protein content of each supernatant was measured using the detergent compatible (DC) protein assay (Bio-Rad, Gladesville, NSW, Australia). Enzyme activities were recorded as μmol min -1 mg protein -1 .
Protein extraction and immunoblotting (for muscle inflammation, mitochondrial activity and liver enzymes)
Frozen livers and gastrocnemius muscles were crushed under liquid nitrogen and homogenised in 10× ice-cold 1% NP40, 1 mM EDTA in PBS, supplemented with complete EDTA-free protease inhibitor tablets and PhosSTOP phosphatase inhibitor tablets (Roche Australia, Dee Why, NSW, Australia), and centrifuged (12 000 g, 10 min, 4°C). The protein concentration of supernatants was quantified using the DC protein assay (see above). Samples were resolved on 4-15% SDS-PAGE TGX gels (Bio-Rad) and transferred onto nitrocellulose membrane using a Trans Turbo Blot system (Bio-Rad). Immunoblotting was performed with antibodies to neutrophil elastase (ab68672, Abcam, Cambridge, MA, USA), macrophage F4/80 (ab74383, Abcam), cysteine dioxygenase type 1 (ab53436, Abcam), cysteine sulfinate decarboxylase (ab101847, Abcam) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 14C10, Cell Signaling Technology, Inc., Danvers, MA, USA), all dissolved 1:1000 in 5% bovine serum albumin. Horseradish peroxidase-conjugated secondary antibodies were from Thermo Fisher Scientific (Waltham, MA, USA). Chemiluminescence signal was captured using the ChemiDoc MP Imaging System (Bio-Rad). Resultant images were quantified using ImageJ software (Schneider et al. 2012) . GAPDH loading controls were immunoblotted on the same membrane as the immunoblotted protein. All representative immunoblots in figures represent proteins immunoblotted on the same membrane as the loading control GAPDH.
Myeloperoxidase activity (to quantify activated inflammatory cells)
The enzyme myeloperoxidase (MPO), which is found in high levels in neutrophils and macrophages, catalyses the production of hypochlorous acid from hydrogen peroxide and chloride . Hypochlorous acid reacts with 2-[6-(4-aminophenoxy)-3-oxo-3H-xanthen-9-yl]benzoic acid (APF) to form the highly fluorescent compound fluorescein, which is measured in this method as described previously (Terrill et al. 2016) . Briefly, frozen gastrocnemius muscles were crushed under liquid nitrogen and homogenised in 0.5% hexadecyltrimethylammonium bromide in PBS. Samples were centrifuged and supernatants were diluted in PBS. Human MPO was used as the standard for the assay (Cayman Chemical, Ann Harbor, MI, USA). Aliquots of each experimental sample or MPO standard were pipetted into a 384-well plate, before the addition of APF working solution (20 μM APF and 20 μM hydrogen peroxide in PBS). The plate was incubated at room temperature (protected from light) for 30 min, with fluorescence measured every minute using excitation at 485 nm and emission at 515-530 nm. The rate of change of fluorescence for each sample was compared to that of the standards and results were expressed per milligram of protein, quantified using the DC protein assay (Bio-Rad).
Protein thiol oxidation analysis
Reduced and oxidised protein thiols were measured in muscles using the 2 tag technique as described previously (Terrill et al. 2013a (Terrill et al. , 2016 . In brief, frozen EDL muscles were crushed under liquid nitrogen, before protein was extracted with 20% trichloroacetic acid (TCA) in acetone. Protein was solubilised in 0.5% SDS with 0.5 M Tris at pH 7.3 (SDS buffer) and protein thiols were labelled with the fluorescent dye BODIPY FL-N-(2-aminoethyl) maleimide (FLM, Invitrogen, Carlsbad, CA, USA). Following removal of the unbound dye using ethanol, protein was re-solubilised in SDS buffer, pH 7, and oxidised thiols were reduced with tris(2-carboxyethyl)phosphine (TCEP) before the subsequent unlabelled reduced thiols were labelled with a second fluorescent dye Texas Red C2-maleimide (Texas red, Invitrogen). The sample was washed in ethanol and re-suspended in SDS buffer. Samples were read using a fluorescence plate reader (Fluostar Optima, BMG Labtech, Ortenberg, Germany) with wavelengths set at excitation 485 nm, emission 520 nm for FLM and excitation 595 nm, and emission 610 nm for Texas red. FLM and Texas red standards were generated by reacting each dye with excess ovalbumin. Results were expressed per milligram of protein, quantified using the DC protein assay (Bio-Rad).
Reduced and oxidised thiols of myosin and actin proteins were quantified using one-dimensional SDS-PAGE. Labelled samples (remaining from the plate assay above) were diluted to equivalent protein concentrations. FLM and Texas red standards were generated by reacting each dye with excess BSA. FLM-and Texas red-labelled standards were combined and both the standards and the samples were diluted by the addition of sample buffer [125 mM Tris, pH 6.8, 4% SDS, 30% (v/v) glycerol, 0.02% bromophenol blue]. Standards and samples were applied to a 12% polyacrylamide gel. Gel electrophoresis was performed using the Bio-Rad Mini Protean III system. Each fluorescent gel was scanned using a Typhoon Trio scanner (GE Healthcare, Little Chalfont, UK) for fluorescence, with wavelengths set at excitation 485 nm, emission 520 nm for FLM and excitation 595 nm, and emission 610 nm for Texas red. The predicted myosin and actin bands were quantified by densitometry using ImageJ version 1.41 software (Schneider et al. 2012) using the integrated density function, after first removing the background. To assess the reversible protein thiol oxidation state of specific protein bands, the densitometry of in-gel standards for FLM and Texas red was used to construct a polynomial standard curve. The quantity of FLM and Texas red bound to a particular protein band was calculated from the standard curves.
Cysteine, GSH, taurine and NAC analysis
Cysteine, GSH and taurine contents of liver and gastrocnemius muscle were measured using reversed-phase HPLC as previously described (Terrill et al. 2013a (Terrill et al. , 2016 . Frozen tissues were crushed using a mortar and pestle under liquid nitrogen and homogenised in 25 times 5% TCA, and after centrifugation (10 000 g, 5 min, 4°C) supernatants were removed and stored at -80°C before analysis. Analytes were separated using HPLC with fluorescence detection, with pre-column derivatisation with o-phthalaldehyde (OPA) and 2-mercaptoethanol (2ME). OPA reacts rapidly with amino acids and sulfhydryl groups to yield intensely fluorescent derivatives, and 2ME, a reducing agent, prevents the OPA reagent from oxidising. Supernatants were mixed with iodoacetamide (25 mM) in 5% TCA. An internal standard, o-phospho-DL-serine, dissolved in 5% TCA was added to a final concentration of 5 mM. Sodium borate was used to adjust the pH to 9. Samples were placed in an autosampler, which was maintained at 4°C. Samples were mixed on a sample loop with a derivatising solution containing 40 mM OPA and 160 mM 2ME in 100 mM sodium borate, pH 12, for 30 s before injection onto the column. Separation was achieved with a C18 column (5 μl, 4.6 × 150 mm, Phenomenex, Torrance, CA, USA) using a Dionex Ultimate 3000 HPLC system. Mobile phase A consisted of 50 mM potassium phosphate buffer, methanol and tetrahydrofuran (94:3:3). Mobile phase B consisted of 90% methanol, with a gradient increase in B from 0 to 25%. Fluorescence was set at 360 nm and 455 nm for excitation and emission, respectively. Metabolite concentrations are expressed per milligram of protein. The protein content of muscle samples was quantified by solubilising the pellet in 0.5 M sodium hydroxide, before incubation at 80°C for 15 min. Once fully dissolved, protein concentrations of supernatants were quantified using a Bradford protein assay (Bio-Rad).
NAC in liver and muscle was also measured using reversed-phase HPLC, with some modifications to the above method. TCA-extracted supernatants (as above) were mixed with an internal standard, 2-hydroxyethyl disulfide (final concentration 1 mM), plus leucine and DTT (to final concentrations of 45 and 2.5 mM respectively). Sodium borate was used to adjust the pH to 8. Samples were placed in an autosampler, which was maintained at 4°C. Samples were mixed on a sample loop with a derivatising solution containing 25 mM OPA in 100 mM sodium borate, pH 10.4, for 30 s before injection onto the column. Separation and protein quantification were performed as above. The limit of quantification for NAC was quantified, and was shown to be 0.5 μM, equating to approximately 50 pmol mg protein -1 , but no NAC was detected in either tissue (data not shown).
Statistical analysis
All experimental results are presented as means (standard deviation, SD), unless otherwise stated. The effects of NAC treatment on weekly measures of grip strength and body weight, and the effect of stimulation frequency on EDL force production were analysed using repeated-measures J Physiol 595.23 two-way ANOVA. Where significant interactions were identified, subsequent post hoc analyses were carried out using repeated-measures one-way ANOVA. The effects of mouse strain and NAC treatment on dependent variables were analysed using two-way ANOVA or unpaired t test where appropriate using the statistical software package IBM SPSS Statistics (version 23, IBM, Armonk, NY, USA). Statistical significance was accepted at P < 0.05.
Results
Effect of NAC on growth of mice
Analysis of body weights in C57 and mdx mice across the 6 week treatment period revealed a significant increase in body weights (P < 0.001), significantly lower body weights in NAC-treated mice (P < 0.001), and a significant interaction between NAC treatment and time (P < 0.001). Whereas the body weight for untreated C57 and mdx mice increased significantly across all 6 weeks (P < 0.001), body weight gain was significantly impaired by NAC treatment in both strains (Fig. 1A and B) . After 1 week of NAC treatment, body weights for both C57 (P < 0.01) and mdx mice (P < 0.05) were significantly decreased (ß9%) relative to their starting body weights; subsequent weight gain during the following 5 weeks was significantly impaired, most notably in mdx mice (Fig. 1A and B) . NAC-treated C57 mice showed small but significant increases in body weight in weeks 2, 3 and 6, whereas mdx mice did not display any incremental increases in body weight throughout the treatment period. Consequently, the total body weight gain during the 6 week experimental period was notably lower in NAC-treated mice (ß2.5 g) compared with untreated mice (ß10 g) of both strains. Due to the significantly impaired body weight gain in NAC-treated mice, additional measures of bone lengths and organ weights (Fig. 1C and D) were made in C57 mice to ascertain whether there was reduced growth. There was no marked effect on overall body growth as shown by no significant differences in mean tibial length (P = 0.058), femur length (P = 0.252) or heart mass (P = 0.128) between NAC-treated and untreated C57 mice ( Fig. 1C  and D) , although NAC significantly reduced (ß17%) the C57 mean liver weight (P = 0.014; Fig. 1D ). Furthermore, the EDL muscle weights in NAC-treated mdx (but not C57) mice were significantly lower (ß22%) than untreated mice (P = 0.006; Fig. 1E ). 
Effect of NAC on in vivo grip strength
Forelimb grip strength was measured weekly during the 6 week experiment and data are presented as absolute grip strength measured in grams of force and as grip strength normalised to body weight. In C57 mice, there was no significant effect of NAC on absolute grip strength (P = 0.289; Fig. 2A) ; however, when normalised to body weight, grip strength was significantly greater in NAC-treated, compared with untreated, C57 mice (P < 0.001; Fig. 2C ). In mdx mice, NAC resulted in significantly greater absolute (P = 0.001) and normalised (P < 0.001) grip strength measurements, compared with untreated mdx mice ( Fig. 2B and D) . The increase in normalised grip strength (for C57 and mdx mice) was evident by 2 weeks of NAC treatment and persisted until the end of the 6 week experiment.
Effect of NAC treatment on in vitro muscle contractile function
Maximum specific force (P < 0.001) and total (non-normalised) peak tetanic force (P = 0.002) production were significantly greater for the isolated EDL muscles of C57, compared with mdx, mice ( Fig. 3A and B) . NAC treatment had no significant effect on the maximum specific force of EDL muscles from C57 mice (P = 0.743; Fig. 3A ), whereas this was significantly increased by NAC treatment in mdx mice (P = 0.038; Fig. 3A) . Importantly, there was no effect of NAC treatment on the total (non-normalised) peak tetanic force production for either strain (C57 P = 0.418; mdx P = 0.593; Fig. 3B ), indicating that despite being smaller, the EDL muscles from NAC-treated mdx mice produced the same amount of force as untreated mdx mice. Force-frequency relationships were recorded in EDL muscles from C57 (circles) and mdx (squares) mice to examine the effect of NAC across a range of submaximal stimulation intensities (Fig. 3C) . Specific force in untreated mdx mice was significantly lower than C57 mice between stimulation frequencies of 30 and 150 Hz (P = 0.001), indicating that the dystrophic muscle weakness is not limited to maximal activation. There was no significant effect of NAC treatment on the force-frequency relationship in either strain.
There were no significant differences in any of the twitch contraction parameters (peak twitch force, time-to-peak, half-relaxation time, or maximum rate of force development) between untreated and NAC-treated groups for either C57 or mdx mice (Table 1) . Fatigue resistance (FI), evaluated in isolated EDL muscles of untreated and NAC-treated C57 and mdx mice, was significantly greater in untreated mdx, compared with C57, mice (P < 0.001); however, NAC treatment had no significant effect on fatigue resistance or post-fatigue recovery of force in either strain (P = 0.657, P = 0.608, respectively; Table 1 ). 
Effect of NAC on citrate synthase in soleus muscles
To further investigate the improvements in muscle function following NAC treatment, citrate synthase activity (a measure of mitochondrial content; Holloszy et al. 1970 ) was analysed in soleus muscles from each group. Citrate synthase activity was not significantly different between untreated C57 and mdx mice [C57 = 5.2 (1.7); mdx = 3.5 (2.7) nmol min −1 mg protein −1 ; P = 0.766]. For C57 mice, there was no significant effect of NAC on citrate synthase activity [C57+NAC = 4.9 (2.3) nmol min −1 mg protein −1 ; P = 0.785]. In contrast, in mdx mice NAC significantly increased citrate synthase activity [mdx+NAC = 6.2 (1.5) nmol min −1 mg protein −1 ; P = 0.007] compared with untreated controls, indicating that NAC increased mitochondrial content in dystrophic mdx muscles.
Effect of NAC on inflammation in gastrocnemius muscles
Markers of skeletal muscle inflammation were examined in gastrocnemius muscles of all mice. In untreated mice, the neutrophil content (quantified by protein levels of neutrophil elastase) was significantly higher in mdx compared with C57 muscle (P < 0.001), and NAC significantly reduced this neutrophil content of mdx muscle (P = 0.002; Fig. 4A ). Macrophage content (measured by levels of the protein F4/80) was also significantly higher in mdx compared with C57 muscle (P = 0.001), but was not affected by NAC treatment (C57 P = 0.053; mdx P = 0.726; Fig. 4B ). The activity of MPO (a useful biomarker of inflammatory cells in tissues; was significantly higher in mdx compared with C57 muscle (P < 0.001) and NAC treatment significantly reduced MPO activity in mdx muscle (P = 0.016), with no effect in C57 muscle (P = 0.815; Fig. 4C ). These results confirm significantly elevated levels of inflammation, and high numbers of neutrophils and macrophages in mdx muscles, and additionally demonstrate that NAC treatment results in a significant reduction of some inflammatory markers in mdx muscles.
Effect of NAC on thiol oxidation in EDL muscles
The effect of NAC on oxidative stress in skeletal muscles was determined from analysis of protein thiol oxidation in isolated EDL muscles (Fig. 5) . Total protein thiols were significantly lower in mdx compared with C57 muscles (P < 0.001; Fig. 5A) ; however, there was no significant effect of NAC treatment in either strain (C57 P = 0.173; mdx P = 0.540). There was no difference in the percentage of oxidised thiols between strains (P = 0.704), nor with NAC treatment (P = 0.908; Fig. 5B ). For untreated mice, there were no significant differences between strains for the levels of thiol oxidation of the actin (P = 0.242) and myosin (P = 0.225) proteins, and no effect of NAC on these measures in C57 mice (P = 0.181; Fig. 5C and D). However, NAC treatment significantly reduced myosin protein thiol oxidation in EDL muscles of mdx mice (P = 0.036; Fig. 5D ).
Effect of NAC on cysteine metabolism in liver and muscle
We did not detect any NAC in livers or muscles of NAC-treated mice (the reasons for this are considered in the Discussion). However, the measurements of cysteine and GSH in these tissues provided insight into the mechanisms underlying the benefits and adverse effects of NAC treatment. For untreated mice, there was no significant difference between strains for the cysteine content of the liver or muscle (P = 0.428 and P = 0.052, respectively; Fig. 6A and E) nor for the muscle GSH content (P = 0.618; Fig. 6F ). GSH was significantly higher in the liver of mdx compared with C57 mice (P < 0.001; Fig. 6B ); however, NAC treatment had no effect on any of these measures in either C57 or mdx tissues. Since we have shown previously that oral treatment with the cysteine-based compound L-2-oxothiazolidine-4-carboxylate (OTC) significantly increases liver and muscle taurine content in mdx mice (Terrill et al. 2013a) , we also measured levels of taurine and the liver enzymes cysteine deoxygenase (CD) and cysteine sulfinate decarboxylase (CSD) that are involved in the taurine synthesis pathway, to evaluate these pathways of NAC metabolism. Taurine content was significantly higher in the mdx liver (P = 0.001), but not mdx muscle (P = 0.260), compared with C57 mice but, again, there was no effect of NAC treatment ( Fig. 6C and G) . In mdx mice, levels of the liver enzyme CSD were significantly lower compared with C57 mice (P < 0.001), although levels of CD were not significantly different between strains (P = 0.070), and none of these enzyme levels was significantly affected by NAC treatment (Fig. 6D and H).
Discussion
Overview NAC has been proposed as a potential therapeutic treatment for DMD boys, with many benefits reported by several independent groups using dystrophic mdx mice. Consistent with previous observations, we provide evidence that treatment of male mdx mice with NAC (2% NAC in drinking water for 6 weeks) improves normalised measures of muscle function (with normalised grip strength increased within 2 weeks, and maximum specific force of EDL muscle increased by 25% at 12 weeks) and provide new insight into the mechanisms for these benefits of NAC. In the mdx mice sampled at 12 weeks of age, the NAC treatment resulted in many biochemical changes: increased mitochondrial content in the soleus muscle indicated by increased citrate synthase activity, reduced inflammation in the gastrocnemius muscle as demonstrated by decreased numbers of neutrophils and decreased MPO activity, and decreased myosin protein thiol oxidation in the EDL. However, the most striking finding was that NAC treatment was associated with rapid reductions in body weight (within 1 week) and impaired weight gain during the treatment, along with significantly reduced weights of liver and EDL muscle at the end of the 6 week treatment. These reductions in body and organ weights have important implications for the interpretation of muscle function based on normalised force measures. Furthermore, impaired weight gain could be interpreted as deleterious, particularly in young growing mice, and has implications that need to be carefully considered in the context of the potential use of NAC as a treatment for DMD boys. These issues are discussed in detail below.
Pros and cons of NAC (and related molecules) as treatments for muscular dystrophy
We previously showed that oral NAC supplementation of adult mdx mice before treadmill running (at 12 weeks of age) greatly reduces the myofibre necrosis that is usually induced by exercise (Terrill et al. 2012) . Similar reductions in myofibre necrosis were reported in diaphragm muscle of young mdx mice (aged 4 weeks) following daily Representative blots for CD and CSD are shown, and protein was standardised to GAPDH. AU, arbitrary units. Open symbols, NAC treated; filled symbols, un-treated mice. Data are presented as individual values with horizontal lines indicating mean and SD (for liver: C57 n = 6; mdx n = 8; for muscle C57-NAC n = 7, C57+NAC n = 5; mdx-NAC n = 6; mdx+NAC n = 8). # mdx significantly different to C57 mice, P < 0.001.
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intraperitoneal injections of NAC for 2 weeks (de Senzi Moraes Pinto et al. 2013) . Whitehead et al. (2008) were the first to report benefits of NAC, with significant ex vivo protection against eccentric contraction and stretch-induced damage of mdx muscle, as well as reduced oxidative stress, NF-κB p65 and amount of myofibre damage (measured by Evans Blue Dye uptake), and decreased numbers of central myonuclei following in vivo supplementation with NAC (Whitehead et al. 2008 ).
To our knowledge, the present study is the first to show that oral supplementation with NAC improves the function of mdx muscles in vivo (i.e. increased grip strength), as well as increasing maximum specific force ex vivo in isolated dystrophic muscle from mdx mice.
The modest yet significant increase in maximum specific force after NAC treatment demonstrates specific improvement in the quality of dystrophic muscles, which was supported by increased citrate synthase activity, indicating increased mitochondrial content. However, it should be acknowledged that citrate synthase activity was measured in the slow-twitch soleus muscle and does not necessarily reflect increased activity in predominantly fast-twitch muscles such as the EDL. Decreased inflammation (decreases in neutrophils and MPO activity in the gastrocnemius muscle) and protein thiol oxidation (in EDL) provide further evidence of the beneficial effects of NAC on the quality of dystrophic muscle. We acknowledged that although mdx mice provide a useful model for DMD, they display a less severe phenotype than the human condition. It would be important to establish if similar beneficial effects of NAC treatment on dystrophic muscle function are evident in more severe models of human DMD such as the dystrophin-utrophin double-knockout mouse (mdx/utrn −/− ) (Deconinck et al. 1997) or the golden retriever muscular dystrophy (GRMD) dog model (Sharp et al. 1992) .
These results are consistent with the hypothesis that exogenous antioxidants such as NAC can attenuate the inflammation and oxidative stress that contribute to contractile dysfunction. Previous studies using NAC treatment have also reported reduced levels of protein thiol oxidation (Matuszczak et al. 2005; Terrill et al. 2012) , oxidative stress (Whitehead et al. 2008) , tumour necrosis factor (de Senzi Moraes Pinto et al. 2013 ) and NF-κB signalling Whitehead et al. 2008) . However, it is currently unclear whether NAC acts directly as an ROS scavenger, or indirectly via the synthesis of endogenous antioxidants or other cysteine derivatives such as taurine.
We attempted to measure the NAC concentrations in liver and muscle, but did not detect any within the limits of quantification (50 pmol mg protein -1 ). This lack of NAC detection is probably not surprising given the short plasma half-life (1.95 h) and low oral bioavailability (4%) of NAC in the reduced (compared with oxidised) form (Olsson et al. 1988) . Systemically, NAC is converted to cysteine, which can be toxic at high levels and significantly impairs growth . In support of this, we have shown that NAC-treated mice had significantly lower body weights (in mdx and C57 mice), liver weight (C57 mice) and muscle weights (mdx mice), which could arise from cysteine toxicity. To test this hypothesis, we measured cysteine levels in the liver and skeletal muscles, but these parameters were not affected by NAC treatment in either mdx or C57 mice. Toxic accumulation of cysteine may be prevented through the synthesis of GSH or another downstream product, taurine, via the actions of the enzymes CD and CSD (Terrill et al. 2015) . Surprisingly, NAC treatment had no significant effect on either CD or CSD content, nor on the liver or muscle concentrations of GSH. It is possible that NAC treatment transiently increased taurine synthesis that was ultimately excreted, due to a down-regulation of taurine reabsorption in the renal tubules, a process that we have shown is already dysregulated in mdx kidney (Terrill et al. 2015) . Alternative pathways for cysteine disposal, such as transamination to sulfate (Huxtable, 2000) , may also be activated. These findings do not provide support for NAC-induced cysteine toxicity and alternative mechanisms underlying the negative effects on growth should be investigated. Further research is clearly warranted to clarify the metabolism and systemic regulation of NAC and similar cysteine precursors, especially in the context of young growing mammals.
We have recently evaluated alternative therapeutic compounds in mdx mice including OTC and taurine (Terrill et al. 2013a (Terrill et al. , 2016 . Oral administration of the cysteine precursor OTC (0.5%, w/v) to mdx mice from 6 to 12 weeks of age produced similar improvements in grip strength, and reductions in MPO activity and protein thiol oxidation (Terrill et al. 2013a) , as observed with NAC treatment over the same ages in the present study. Importantly, OTC treatment had no effect on body weight nor muscle weight in these adult mdx mice (Terrill et al. 2013a) , suggesting that OTC is a superior alternative treatment to NAC. Yet, when OTC was administered to very young growing mdx mice from weaning (18 days) to 6 weeks of age, the improvements in muscle function were compromised by reduced body and muscle weights (Terrill et al. 2016) , similar to that which we report here with NAC treatment of the more mature mdx mice. In contrast, oral administration of taurine during this critical growth period significantly improved muscle function, and reduced inflammation and protein thiol oxidation without any detrimental effects on growth parameters (Terrill et al. 2016) . These findings suggest that taurine supplementation may be superior to NAC or OTC as a therapeutic treatment for DMD boys. Indeed, independent studies from at least three groups now strongly support the benefits of taurine for reduced dystropathology in animal models of DMD (De Luca et al. 2015; Horvath et al. 2016; Terrill et al. 2016) .
The most notable benefits of NAC treatment in mdx mice were the significant increases in normalised grip strength and maximum specific force of EDL muscles. However, these outcome measures are strongly influenced by body weight and muscle weights, respectively, which were both significantly reduced in NAC-treated mice. Therefore, interpretation about muscle function based on normalised force measures should be made with caution, especially when the treatment in question influences the normalisation parameters. The lower body weights of NAC-treated C57 and mdx mice could be considered deleterious and thus raise concerns about the suitability of NAC as a treatment for DMD boys, since these children and young men would require long-term treatment over decades, starting from a young age. Dosage, route of administration and age at onset of delivery are important factors to consider, especially in the context of very young growing boys with DMD. Our present experiment used 2% NAC for 6 weeks, whereas our previous study (Terrill et al. 2012) used only 1% NAC for 6 weeks (also starting at 6 weeks of age and sampling at 12 weeks), plus a short term high dosage regime of 4% NAC for 1 week before exercise. Whitehead et al. (2008) also used 1% NAC for 6 weeks, starting at 3 weeks of age during the rapid growth phase and de Senzi Moraes Pinto et al. (2013) also used very young mdx mice treated from 2 weeks of age with daily I.P. injections of NAC (150 mg kg −1 ) for 2 weeks. Unfortunately, there are limited data available on the effects of NAC treatment on body weight or other phenotype parameters in these other studies and thus potentially adverse and/or indirect effects may not be readily identified. Although de Senzi Moraes Pinto et al. (2013) reported that NAC treatment had no effect on body weight, their study was of shorter duration (2 weeks) and used a different route of administration (I.P. versus oral) compared with our present study. Note that NAC is readily oxidised and is unstable in drinking water, and in humans oral ingestion of 150 mg kg −1 NAC caused mild adverse reactions including dysphoria and gastrointestinal disturbances such as nausea and diarrhoea (Matuszczak et al. 2005) . Similar gastrointestinal disturbances may have contributed to the lower body weights (and tissue weights) that we observed in the present study for both C57 and mdx mice and therefore may reflect indirect consequences of NAC treatment rather than direct effects on growth.
Adverse drug reactions have been widely reported in human studies using NAC to treat acetaminophen overdose (Miller & Rumack, 1983; Zyoud et al. 2010) . While the majority of cases related to mild gastrointestinal reactions, the incidence and severity of reactions increased with the dose and duration of treatment. Similar reactions have been reported in healthy adults receiving chronic low dose NAC (5.6 g day −1 for 6 months) (Hermann, 1970) or acute high dose NAC (single 140 mg kg −1 dose) (Ferreira et al. 2011) . In addition to mild gastrointestinal reactions, NAC has been related to more severe side effects. For example, chronic systemic administration of NAC (for 3 weeks at 10 mg ml −1 ) caused pulmonary arterial hypertension in mice (Palmer et al. 2007 ) which was attributed to NAC conversion to S-nitroso-N-acetylcysteine (SNOAC) and hypoxic signalling in vivo. Continuous I.V. infusion of high dose NAC (550 and 950 mg NAC kg -1 in 48 h) during an lipopolysaccharide toxicity challenge in rats decreased lung GSH and increased mortality compared with rats receiving lipopolysaccharide alone (Sprong et al. 1998) . In humans, NAC treatment (10 mg kg −1 ) for 7 days after eccentric exercise-induced muscle damage significantly increased tissue damage and oxidative stress compared with untreated participants (Childs et al. 2001) . Collectively, these studies highlight the potential for severe side effects arising from the long term administration of NAC.
Although oxidative stress is implicated in the pathogenesis of DMD Rando et al. 1998) , and may also occur as a consequence of myofibre necrosis and inflammation (Morgan et al. 2008) , clinical trials of antioxidant therapies have been rather disappointing (Rando, 2002) . NAC is a non-specific antioxidant with effects on multiple biological processes (Zafarullah et al. 2003) . Due to the potential adverse effects of NAC on various parts of the body, additional investigation of the appropriate dose and route of administration in more severe animal models of DMD should be conducted before considering the use of NAC as a therapeutic treatment for DMD boys.
